Superduplex stainless steels (SDSS) are Fe-Cr-Ni-N alloys with a dual-phase wrought microstructure consisting of approximately 50-50 vol-% austenite/ferrite. This phase balance provides superior pitting corrosion resistance and twice the yield strength compared to standard austenitic stainless steels (Refs. 1, 2). As a result, SDSS are commonly used in applications that require high strength, toughness, and corrosion resistance where stress corrosion cracking (SCC) is a concern (Refs. 1-4). Welding of duplex stainless steel (DSS) significantly alters the engineered microstructure, and has been reported to cause loss of corrosion resistance (Refs. 5-7) and reduced impact toughness (Refs. 5, 8) . Detrimental property changes in the weld fusion zone (FZ) and heat-affected zone (HAZ) have been reported to originate from the following: deviation from a proper austenite/ ferrite microstructure phase balance (Ref. Maintaining a proper austenite/ferrite phase balance, while avoiding formation of embrittling phases (e.g., ), is necessary to maintain acceptable weld FZ and HAZ toughness and corrosion resistance. Both nickel and nitrogen are austenite stabilizers, and researchers have investigated welding with overalloyed (nickel) filler metals (e.g., ER2594 on duplex 2205) (Refs. 13, 19) and nitrogen-containing shielding gases (Refs. 15, (20) (21) (22). Researchers have demonstrated that nitrogen loss from weld metal during welding reduces austenite content and reduces corrosion resistance (Refs. 23, 24), while intentional additions of nitrogen to argon shielding promotes austenite formation and can increase corrosion resistance (Refs. 20, 24).
range (Refs. 12, 16, 19) . Similarly, multipass welding, which may reheat previously solidified weld zones to temperatures well above 800˚C (1472˚F), can induce significant microstructure and property changes, such as the formation of secondary austenite and/or possible formation of the sigma phase (Refs. 6, 17) . Although previous studies have reported that reheating with autogenous welds or HAZ re-heating affects weld microstructure (Refs. 6, 17, 27) , only a few have studied the change in root pass FZ austenite content caused by reheating thermal cycles from subsequent passes (Refs. 13, 14) . In pipeline applications of SDSS, the root pass FZ and HAZ are in direct contact with corrosive media. It is, therefore, of great importance to understand the impact of multipass thermal cycles on the root pass FZ and HAZ microstructure, specifically the austenite/ferrite ratio.
In this study, in-situ thermal measurements in the root of mechanized multipass gas tungsten arc welding (GTAW) on 6-mm-(0.24-in.-) and 12.7-mm-(0.5-in.-) thick UNS S32750 plates were performed, and the in-situ measured multiple reheating thermal cycles were correlated with microstructural evolution of austenite in the root pass FZ. To isolate the effect of solid-state reheating on austenite growth, in-situ measured thermal data from the root pass was used for Gleeble® 1500 reheating simulations on aswelded bead-on-plate (BOP) microstructures. Results indicate the thermal cycle history significantly affects the final root pass austenite/ferrite ratio. Thermal cycle history is found to be additive to the known effect of nitrogen content in argon shielding gases. These findings suggest root-pass thermal history is an important consideration when developing welding procedures for superduplex stainless steels.
Methodology
Mechanized GTA welds were performed on 6-mm-and 6.35-mm-thick UNS S32750 (2507) substrates with premixed certified gases (100% Ar, 98% Ar/2% N 2 , and 94% Ar/ 6% N 2 ). Backing plates of UNS S32750, 3-3.13 mm (0.12-0.125 in.) thick, were used as shown in Fig. 1B and C. All multipass welds had a maximum interpass temperature of 120˚C (248°F). For all welds, nickel-enriched ER2594 1.2-mm-(0.047-in.-) diameter filler metal was used. The details of each weld are tabulated in Table 1. Table 2 shows the manufacturer-reported composition of the substrates, backing plates, and welding wire. Figure 1A shows the mechanized GTA weld setup, including the heat sink and clamping system. All samples were cleaned with acetone prior to welding and wire brushed with stainlesssteel brushes before each weld pass. To obtain the austenite volume fraction, each sample was cross sectioned according to guidelines described in ASTM E3-11, polished to 6-micron diamond grit, etched with Beraha's II reagent (1-g potassium
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metabisulfite, 20-mL HCL, and 100-mL H 2 O), and analyzed using light optical microscopy at 500 magnification. The volumetric fraction of austenite was calculated using JMicroVision digital image analysis software (Ref. 28 ) with a minimum of 10 pictures per zone. Images were converted to grayscale, phases extracted and calculated, and results averaged to obtain overall austenite fraction with methods similar to that reported by Zhang et al. (Ref. 14) . An example of austenite phase calculation is shown in Fig. 2 . All austenite volume fraction data reported in the text corresponds to an average value and standard deviation (minimum ten fields of view).
Experiment #1: 6-mm (0.24-in.) GTAW Multipass Welds with Varied Arc Energy
In Experiment 1, mechanized GTAW was performed on 6-mm-(0.24-in.-) thick UNS S32750 with a 75-deg single-V joint, 2-mm (0.08-in.) root opening, and 3-mm-(0.12-in.-) thick UNS S32750 backing plate (Fig. 1B and C Welding heat input includes an arc efficiency factor, , to account for heat loss (i.e., convection and radiation) to the weld area, which has been calculated to be 0.81 for a GTAW process using a calorimetric method (Ref. 17) . Since the heat sinks for welding experiments may vary, theoretical arc energy (i.e.,  = 1) is used to describe the heat input for the weld process in this work. Travel speed was held constant at 2 in./min (except with 2.5 in./min for 26 kJ/in.), and voltage varied only slightly between experiments (11-14 V) at a fixed arc length of 3.2 mm (0.125 in.). Arc energy was controlled by varying current from 100 to 200 A. A shielding gas composition of 98% Ar/2% N 2 was used at a flow rate of 14 L/min (30 ft 3 /h).
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MAY 2019 / WELDING JOURNAL 125-s Deposition rates and wire feed speed (WFS) were higher with the higher arc energy (20 in./min WFS) than lower arc energies (6 in./min WFS), requiring fewer passes (2 passes) than the lower arc energy welds (6 passes) to fill the 6-mm-(0.12-in.-) thick joint (Fig. 3B) . A 3.2-mm-(0.125-in.-) diameter 2% thoriated electrode was used for this experiment with the electrode tip centered in the joint for the root pass, and with split passes for the 4-and 6-pass welds - Fig. 3B . Austenite volume fraction measurements were obtained as described above. To analyze how the root FZ microstructure changes with subsequent passes, three welds were made with just the root pass before cross-sectional analysis, three welds with 2 passes, four welds with 3 passes, and seven welds with 4 passes (Fig. 4B) . Weld specimens were cross sectioned in the middle of the weld specimen and austenite volume fraction measured in both the weld root and subsequent pass FZ regions. For in-situ thermal data of the initial root weld, K-type thermocouples were plunged into the molten pool root pass welds to measure cooling rates. The high-temperature accuracy of the K-type thermocouples (Omega Instruments) was validated by measuring the melting point of 99.9% pure copper (McMaster-Carr), finding an average of 1079 ± 19.0˚C (1974 ± 66°F), compared to the known melting point of 1084.6˚C (1985°F) (Ref. 29). All thermal data was collected with a National Instruments data acquisition system at a sampling frequency of 4 Hz.
Following completion of the initial root pass weld, 4.8-mm-(0.19-in.-) diameter holes were drilled through the backing plate and root pass. Thermocouples were embedded from the backing plate side, approximately 1.2 mm (0.047 in.) above the interface between the substrate and backing, and manually welded in place from the root side using GTAW and 3.2-mm-(0.13-in.-) diameter ER2594 filler. Plug welds were ground flush with the rest of the root pass. Between three to four thermocouples were embedded in each root pass, ~ 38 mm (1.5 in.) apart, and enabled direct measurement of the root pass FZ time and temperature data during subsequent weld passes - Fig. 1D and Fig. 4B , 1-4. The rate of change of temperature per time (i.e., cooling rate) in the FZ was calculated using a linear fit between 1200˚ and 800˚C (2192˚ and 1472°F). After welding, samples were cross sectioned at thermocouple locations to determine the distance from the thermocouple tip to the FZ boundary of each subsequent pass. To analyze the effect of a thicker plate on the thermal history in the root pass, a mechanized GTA weld was then performed on 12.7-mm-(0.5-in.-) thick UNS S32750 plate with the same joint geometry, backing plate, 40 kJ/in. arc energy, and welding parameters described for 6-mm (0.24-in.) welds. For a constant arc energy of 40 kJ/in. and wire feed speed of 18
WELDING JOURNAL / MAY 2019, VOL. 98 126-s in./min, 14 passes were required to fill the joint. The first two passes were centered on the root, while the rest of the passes were staggered in rows of 2-3 passes with 3 passes at the top of the joint. The root pass FZ thermal cycle data was obtained for passes 2-6, following the same methodology for the 6-and 6.35-mm multipass welds.
Fig. 2 -A -Example as-etched microstructure (Beraha's II reagent); B -example grayscale image of sample; and C -red highlighted area used to calculate austenite-ferrite ratio in JMicroVision.

Experiment #3: Single-Pass Bead-on-Plate Welds and Gleeble Thermal Simulations
Single-pass BOP welds on 3.15-mm-(0.125-in.-) thick [150-mm-long  50-mm-wide (6- 2-in.)] plates with ER2594 welding wire were made using a 100% Ar, 98% Ar-2% N 2 , or 94% Ar-6% N 2 shielding gas, all with a flow rate of 9 L/min (19 ft 3 /h), to observe the effect of nitrogen shielding gas content on the austenite vol-%. All other process parameters (40 kJ/in., deposition rate, and electrode) were identical to Experiment 2 (see Table 1 ).
K-type thermocouples were plunged in the fusion zone in the BOP welds to enable comparison of cooling rates in BOP as-welded FZ microstructures to that measured in the root pass FZ of Experiment 2 welds. The BOP welds were cross sectioned into six total 25- 76-mm (1- 3-in.) specimens per shielding gas (three per plate; two BOP welds per shielding gas composition), and each specimen was used for physical reheating simulations. Using the in-situ measured average thermal cycles experienced in the root pass FZ in the multipass weld of Experiment 2, a Gleeble 1500 thermo-mechanical simulator was used to perform one, two, or three reheating cycles on BOP samples in a chamber with 100% Ar, 98% Ar-2% N 2 , or 94% Ar-6% N 2 shielding gas environments matching the original BOP weld shielding gas. Before each experiment, the 0.028 m 3 (0.6 ft 3 ) Gleeble chamber was purged using a 14 L/min (30 ft 3 /h) flow rate for 1.2 min (until filled), and then continually purged at the same flow rate until the sample cooled below 500˚C (932°F). The resultant microstructure before and after each reheating cycle, particularly the austenite volume fraction and morphology, was analyzed and compared with the actual weld root pass results from Experiment 2.
Results
Experiment #1: Multipass Welds with Varied Arc Energy
As shown in Figs. 3A and 5A, the austenite vol-% in the root pass FZ decreases with increasing arc energy. Howev-
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er, when replotted as a function of the number of passes, the root pass FZ austenite content increases significantly with increased number of reheated thermal cycles - Fig.  5B . As the number of passes increased from 2 (highest arc energy) to 6 passes (lowest arc energy), the total root pass FZ austenite vol-% increased from a minimum of 33% to as high as 58% austenite. For welds made with more passes and a lower arc energy, the root pass FZ microstructure has a significant austenite content increase due to formation of secondary austenite, as well as more primary grain boundary allotriomorphic and Widmanstätten austenite - Fig. 3A 
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the root pass to obtain in-situ measurements of the thermal cycle experienced by the root pass FZ. The measured temperature response is shown as thin gray lines in Fig. 4A , with the average thermal data from each welded sample shown in a bold colored line. The peak temperature and cooling rate data are presented in Table 3 . The scatter in peak temperature for individual welds is linearly related to the distance of the thermocouple relative to the bottom fusion boundary of each subsequent pass (analysis not shown). Peak temperatures measured in the root FZ were 1218 ± 104.4˚C (2224 ± 220°F) during pass 2, 1065.0 ± 80.6˚C (1949 ± 177°F) during pass 3, and 972.0 ± 49.5˚C (1782 ± 121°F) during pass 4. Heating rate, peak temperature, and cooling rate decrease with each subsequent pass. The average total time spent at temperatures above 800˚C (1472°F) was calculated to be 58 s, including the initial cooling of the root pass. Analysis of the microstructure and austenite morphology of the root pass FZ after each subsequent weld pass was performed for four cases: 1) root pass only; 2) root pass and second pass; 3) root pass and two additional passes (3 total); and 4) root pass and 3 additional passes (4 total) (Fig. 4B, 1-4) . Representative micrographs from the root pass are presented in Fig. 4C, 1-4 . The average starting austenite content in the root pass FZ is 43.5 ± 2.4% - Fig. 4C, 1 . Following both the second and third pass, an increase of 5-6 vol-% austenite was found in the root pass FZ, with vol-% austenite values of 49.0 ± 3.5% and 55.7 ± 2.8% measured in the root pass FZ after the second and third pass, respectively - Fig. 4C, 2 and 3 . However, an average slight decrease of 2% austenite content to 53.5 ± 1.6 vol-% austenite was observed in the root after the fourth pass, which is hypothesized to be due to intragranular secondary austenite morphology changes - Fig. 4C, 4 . In the second and third pass regions, a similar trend of increasing levels of austenite was seen following subsequent passes (Table 3 ). For instance, the 2 nd pass FZ (denoted as zone 2) experiences an average 8.9% increase in austenite after completion of 1 subsequent pass. Formation of intragranular secondary austenite formation was observed in the root pass FZ after only one additional thermal cycle (compare Fig. 4C, 1 to 2 ), leading to a final morphology (Fig. 4C, 4 ) that is very consistent with observations from Experiment 1 -see Fig. 3A, 3 .
Similar trends were seen with the 12.7-mm (0.5-in.) mechanized GTA weld. The peak temperatures experienced in the root pass for 5 additional thermal cycles are shown in Fig. 6A . The peak temperatures in the root pass (average of three thermocouple readings) are 1142 ± 154˚C (2088 ± 309˚F), 1001 ± 121˚C (1834 ± 250˚F), 844 ± 90.4˚C (1551 ± 195˚F), 849 ± 87˚C (1560 ± 189˚F), and 791 ± 69˚C (1456 ± 156˚F) for passes 2-6, respectively. 
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The austenite content for the 12.7-mm (0.5-in.) plate was quantified across the weld from the root to the cap pass. Figure 6B shows the austenite volume fraction, measured with optical microscopy, plotted as a function of the number of thermal cycles experienced for each of the 14 passes. The weld that experiences no reheating (the top pass) is labeled as 0, while the weld that experiences the most reheating cycles is the root (labeled as 13). The lowest austenite volume fraction is found in the top pass, with an average of 51.2  2.0% austenite (0 reheat thermal cycles). After approximately 5 reheating cycles, the austenite content is approximately constant, as indicated by the dashed line (63.3  2.4%, average of passes 1, 3, 4, 5, and 8). The surprisingly high percentage of 80.0  2.4% austenite in the second pass (asterisk symbol) is likely the result of a weld defect, as the microstructure has a ferrite interdendritic morphology similar to austenitic stainless steel (i.e., qualitatively different from other passes) and is therefore considered to not be representative. 
Experiment #3: Single-Pass Bead-on-Plate Welds and Gleeble Simulations
The data presented in Experiment 2 suggests that reheating plays an important role for microstructure evolution. However, given the complexity of multipass welding, it is desirable to isolate the role of composition and thermal cycles on root pass FZ microstructure evolution. Therefore, BOP welds were completed with 3.18-mm-(0.125-in.-) thick UNS S32750 plates to give samples for Gleeble reheat experiments. In the BOP specimens, the average dilution of the weld metal is 80  2.5% in comparison to the dilution of 54.0  2.8% measured for the root pass in Experiment 2 multipass welds. The aswelded BOP microstructures are presented in Fig. 7 and qualitatively similar to microstructures found in the Experiment 2 root pass FZ: primary grain boundary austenite with Widmanstätten side plates (compare Fig. 7E to Fig. 4C, 1) . The austenite content in BOP FZ is lower than that measured in root pass FZ microstructures of Experiment 2 multipass welds, likely reflecting the increased dilution values in the BOP welds, given that the cooling rates from the plunged thermocouple data are close [see Table 3 , 25.1  3.4˚C/s (77.2  38.1˚F/s) for Experiment 2; 30.5  10.6˚C/s (86.9  51.1˚F/s) measured in Experiment 3 BOP welds]. However, given the qualitative similarities in microstructure between BOP and multipass weld FZ microstructures, the BOP welds were considered sufficiently representative to use with physical simulation reheating studies.
Using the root thermal cycle data obtained in Experiment 2, the as-welded BOP microstructures were reheated with a Gleeble 1500 thermo-mechanical simulator using the in-situ root pass measured thermal cycle from Experiment 2. For the three different shielding gases, 1, 2, or 3 thermal cycles (dark, thick lines in Fig. 4A ) were applied and microstructure data obtained in the center of the reheated sample (at the control thermocouple location). For all shielding gas types, austenite content increases linearly by approximately 2-4% with each additional reheating thermal cycle - Fig. 8A . After 3 reheating thermal cycles, the total average austenite content increased 9.3% for all shielding gas types, compared to the 10% austenite content seen in the root FZ of Experiment 2. Figures  7 and 8 show that additions in nitrogen shielding gas content have a direct correlation with increased primary austenite content in the as-welded fusion zone of the single-pass BOP welds. With weld parameters held constant, the increase in shielding gas nitrogen content showed a linear increase of 2% in austenite content with every increase in 2% nitrogen shielding gas content (ranging from 34.5 to 42.2% austenite for aswelded microstructures) - Fig. 8B . The as-welded austenite morphologies for each type of shielding gas show a Widmanstätten microstructure (Fig. 7A , E, and I) similar to the microstructure from the root pass from Experiment 2 - Fig. 4C, 1 . After one reheating cycle, significant intragranular secondary austenite growth was observed within the ferrite grains - Fig. 7B , F, and J. Subsequent reheating cycles correlate with continued secondary austenite growth, with extensive formation of fine austenite particles ~ 1-5 m in diameter forming inside the ferrite matrix.
Discussion
Role of Thermal Cycles
The data obtained in Experiment 1, demonstrating decreasing austenite content with increasing arc energy (Fig.  5A) , is surprising, given the well-established results from previous studies that have demonstrated austenite content increases with slower cooling rate thermal cycles and higher arc energies in the weld metal and HAZ (Refs. 12, 16, 25, 30) . Although using arc energy as a single variable shows surprising results compared to what is predicted with slowrate cooling predictions from the Fe-Cr-Ni pseudo binary phase diagram (Ref. 1), the total accumulative thermal cycles experienced locally in the root pass FZ of multipass welds in the form of multipass reheating cycles (Figs. 3A,  4A, 4C, and 5B) appears to have a more significant impact on austenite stabilization and evolution, including intragranular secondary austenite precipitation, than just arc energy per pass as a single variable.
The combined results of Experiments 2 and 3 show that increasing the number of thermal cycles with a constant arc energy result in increased austenite content. First, direct experimental measurement of root-pass temperature during subsequent weld passes (Experiment 2) demonstrates for the chosen 4-pass weld conditions, weld passes 2, 3, and 4, all heat the root pass FZ above the critical temperature of 800°C (1472°F) - Fig. 4A . Second, the step-wise measurement of root-pass FZ austenite volume fraction at each of the 1-4 passes clearly correlates austenite increases with thermal cycles. Finally, the primary role of thermal cycle, suggested by Experiments 1 and 2, is definitively demonstrated by the Experiment 3 Gleeble reheating simulations of as-welded BOP microstructures performed with 98% Ar/2% N 2 shielding gas. For both the aswelded microstructure in the root pass of Experiment 2 (Fig.  4C, 1 ) and the BOP microstructure of Experiment 3 (Fig. 7E) , thermal cycles change the microstructure from primarily grain boundary and Widmanstätten austenite morphology to one including pronounced intragranular secondary austenite content. Quantitatively, both experiments show increases in austenite content of about 10% as follows: Initial root pass austenite content of 43.5% increases to 53.5% in Experiment 2, while the initial BOP austenite content of 37% increases to 47% after application of three total Gleeble reheating thermal cycles -Figs. 6B and 8A, respectively. The austenite volume fraction increases 3-4% after each thermal cycle during the Gleeble experiments (Fig. 8A) , for all shielding gas conditions, demonstrating the thermal cycle impact is additive to that of nitrogen content.
These findings are broadly consistent with previous studies that have focused on the impact of multipass welding on the root pass HAZ microstructures. For example, Tan simulated the root pass HAZ of a multipass weld by performing Gleeble thermal simulations using Rosenthal's heat transfer model (Ref. 6). They report a total 5% increase in the root HAZ austenite volume fraction of a 12.7-mm (0.5-in.) single-V bevel geometry after the second and third subsequent passes, but with peak temperatures of 1050˚C (1922°F) in the second pass and 700°C (1292°F) in the third pass, compared to the peak temperatures of 1218°C (2224°F) and 1065°C (1949°F) measured in this work (see Table 3 Most of the increase in austenite upon reheating when observed with optical microscopy is characterized as intragranular secondary austenite (i.e., Fig. 2) . Identification of the intragranular light regions as secondary austenite is consistent with previous studies of secondary austenite formation during Gleeble reheating thermal cycles (Refs. [31] [32] [33] . Secondary austenite should not be confused with primary intragranular austenite, which forms mostly in an aswelded microstructure - Fig. 7A , E, and I. Previous studies have shown that secondary austenite precipitates predominantly at temperatures of 1000°C (1832°F) on UNS S32750 and decreases at higher reheating temperatures above 1100°C (2012°F) (Ref. 33) . Dissolution of intragranular (ferrite/ferrite) and intergranular (austenite/ferrite) chromium nitrides (Cr 2 N) contribute to secondary austenite nucleation and growth, and longer times up to 10 s in between 900°-1100°C (1652°-2012°F) contribute to complete dissolution of Cr 2 N and more secondary austenite formation (Ref. 31) . However, only intragranular austenite is observed in this study. Thus, temperatures that rise above 900˚C (1652°F), such as temperatures seen with the third reheating cycle in Experiment 2, may cause heterogeneous nucleation of secondary austenite with UNS32750. Higher temperatures above 1100°C (2012°F) would cause grain growth of primary and secondary austenite upon reheating, but temperatures above the ferritization temperature (solidstate transformation temperature) may dissolve intragranular secondary austenite within the ferrite matrix. Therefore, reheating effects on nucleation and growth of primary and secondary austenite are sensitive to specific temperature ranges, depending on the composition and grade of duplex stainless steel.
Sigma phase can also form due to HAZ thermal cycles in the 828˚-1028˚C temperature range, potentially leading to a loss of toughness and corrosion resistance in welded duplex stainless steels (Refs. 6, 17) . While preliminary investigations for the presence of sigma phase were completed with optical microscopy of welds etched with Murakami reagent, the sigma phase was not observed. However, given other investigators have reported formation of 0.24% sigma phase volume fraction for high arc energy (27 kJ/in.) and 0.06% for low arc energy (12 kJ/in.) after four passes in the reheated HAZ (Ref. 17) , additional investigation of the impact of multipass welds on sigma phase formation in the root pass FZ is an opportunity for future work.
Comparison of Chemical Composition and Thermal Effects
While these results demonstrate that solid-state reheating increases austenite volume fraction in the root pass FZ, this data does raise one final question: Why do the highest arc energy welds of Experiment 1 have the lowest root pass austenite content (Fig. 5A) ? It is hypothesized that these results showing a decrease in root pass austenite with increasing arc energy (Fig. 5A) are the consequence of two effects. First, as previously discussed, an increased arc energy results in fewer passes and reduces the number of solid-state reheating thermal cycles, hence reducing the final root pass austenite content. Second, it is hypothesized that increasing arc energy results in a reduction of austenite-stabilizing elements through the combined effects of dilution and nitrogen loss. Here, this second hypothesis is discussed.
Dilution increases as arc energy increases, which results in a decreasing benefit of the elevated nickel content in the ER2594 welding wire compared to the UNS 32750 SDSS base material (see Table 2 ). Additionally, increasing arc energy increases the weld pool size and yields slower cooling rates, thereby promoting nitrogen loss. As described in Du Toit's model (Ref. 34 ), a dynamic equilibrium exists in the nitrogen content of the nitrogen-enriched shielding gas, molten FZ, and adjacent HAZ. For a fixed nitrogen content in the shielding gas, increasing arc energy will promote nitrogen loss. For example, Hosseini demonstrated that in four autogenous weld passes, performed with the same arc energy (11.9 kJ/in.) over the same region in the SDSS, nitrogen was reduced from 0.28 wt-% in the base metal to 0.17 wt-% in the weld metal, corresponding to a decrease in austenite volume fraction from 45 to 25% (Ref. 24). They report a higher arc energy (27.4 kJ/in.) resulted in a nitrogen loss of 0.28 to 0.10 wt-%, which caused a decrease in austenite from 45 to 21% (Ref. 24). Furthermore, other studies have shown that welding with pure argon may result in a lower-than-desired austenite-ferrite ratio (Refs. 21, 24). Nitrogen loss is significant since a decrease in 0.05 wt-% N is reported to decrease the austenite content by as much as 10-15% (Refs. 16, 24) . The addition of nitrogen to a shielding gas, which is claimed to increase the austenite content with the same arc energy, is interesting to understand from a reheating aspect (Ref. 21) . It was found that increasing nitrogen content (0-6% N 2 ) reveals higher austenite values among reheating (Fig. 8B) , emphasizing the importance of shielding gas content selection for welding procedures specifications in multipass welding.
In summary, it is hypothesized that the initially surprising results of Fig. 5A , showing a decreasing root pass FZ austenite volume fraction with increasing arc energy, may be explained through the combined and synergistic effects of the following: 1) increasing arc energy reduces the number of solid-state reheating cycles because of higher deposition rates; 2) increasing arc energy increases dilution and thereby reduces the weld metal nickel content; and 3) increasing arc energy increases weld pool size and decreases cooling rates, which promote nitrogen loss.
Implications of Results
While previous studies have largely focused on the root pass HAZ because of loss of corrosion resistance (Refs. 14, 18, 33, 35-37), this paper focuses on metallurgical changes in the root FZ because of the initially unexpected results shown in Fig. 5 . This work suggests that two primary factors are critical to controlling final microstructure and therefore weld metal properties: 1) weld metal composition and 2) solid-state reheating thermal cycles. As previously argued, for a given base alloy composition, final weld metal composition will be controlled by arc energy together with the chosen shielding gas nitrogen content and filler material through the combined effects of dilution and nitrogen evolution. While the initial FZ weld metal microstructure and austenite volume fraction are strongly affected by shielding gas nitrogen content (Fig. 7A , E, and I), thermal cycles play an additive effect on increasing the austenite content as shown by the Gleeble reheating data (Fig. 8A) .
Understanding the differences with microstructural evolution in a thick-walled weld joint compared to a thin wall joint is important because cooling rates are faster in a thick wall joint with the same arc energy, which could have different microstructure behavior in the root than a thin wall joint (Ref. 25) . Also, more reheating thermal cycles in the root occur with a thick wall joint than a thin wall joint (13 for thick and 3 for thin) as shown in Fig. 6B . Time and temperature data was only collected for five additional passes with the 12.7-mm-(0.5-in.-) thick weld, showing that the root gets to a peak just below 800°C (1472°F) at pass 6 (Fig.  6A ). This data indicates that the root pass in thicker weld joints endure more thermal cycles and potential microstructure differences than a 6.3-mm-(0.25-in.-) thick weld. Also, Fig. 6B shows passes 1-13 (other than the top pass) experience reheating, which is evident in the average austenite volume fraction of 63.3% for passes 1, 3, 4, 5, and 8. Table 3 and Fig. 6B show that the second and third pass regions for the 6.3-mm (0.25-in.) multipass welds increase in austenite content as well as the root pass when reheated. Therefore, it is suggested that arc energy, the number of passes, joint configuration, deposition rate, dilution, shielding gas, and filler composition all be recognized as significant variables for microstructure development in all regions within a multipass weld, including both the root pass FZ and HAZ.
Conclusions
Based on this study, the following conclusions were made:
1) Reheating thermal cycles in multipass welds cause significant austenite vol-% increase and morphology changes in the root pass fusion zone due to intragranular secondary austenite formation.
2) Total time spent in critical austenite temperature formation ranges has a significant impact on microstructure evolution in the root and subsequent passes.
3) The combined effects of chemical composition (through nitrogen gas additions and overalloyed nickel welding wire), arc energy (dilution), and thermal cycles contribute to the wide range in morphology and austenite content.
4) These results suggest that arc energy, the number of passes, dilution, shielding gas, and filler composition are all important variables to consider when designing welding procedures for successful joining and proper phase balance of superduplex stainless steels.
